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Abstract 
Metal foams have potential for variety of applications such as ultra-light weight structural components, heat insulations and 
energy absorber. Commercially available metal foams are made mostly by aluminum alloys, which are manufactured using 
titanium hydride as a foaming agent. Iron based metal foam has several advantages over aluminum alloy foam such as high 
strength, high energy absorbability and low cost. However, it is hard to manufacture iron foam using conventional foaming 
agents because of a significant difference between their decomposition temperatures and melting point of iron. Further, even if 
good foaming agent can be utilized, it is also difficult to obtain iron foam with high porosity. In this study, therefore, new 
manufacturing method of porous iron by foaming of molten oxide and reduction of foamed oxide was studied. This foaming 
phenomenon is very famous in the field of steel making, while it should be suppressed.  
The tablet of Fe, Fe2O3, Al2O3, and CaCO3 was heated rapidly in the crucible to foam the molten oxide by carbon dioxide 
generated from carbonate in the inert atmosphere. The target oxide system is FeO–Fe2O3–CaO–Al2O3. The time, at which 
maximum porosity was obtained, became longer with decreasing the foaming temperature. This is because the decomposition 
rate of CO2 from CaCO3, which is foaming agent of this method, decreases with decreasing temperature. Maximum porosity of 
the oxide was approximately 57% at 1350 ºC, and the pore shape obtained in this study was spherical. After reduction of the iron 
oxide in the obtained foam to the reduction degree of 95%, the composite material of metallic iron, oxide, and pore was obtained 
with higher porosity than this oxide. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Scientific Committee of North Carolina State University.  
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1. Introduction 
Production methods of foamed metal which has smaller density and larger specific surface area than dense 
material are foaming, powder metallurgy, casting, and so on. Metallic foams can potentially be used in a wide 
variety of applications such as ultra-lightweight structural components, heat insulation, and energy absorption 
appliances (Nakajima (2011)), because of their unique mechanical and thermal properties. Aluminum foam (Miyoshi 
(2000), Banhart (2011)) is one of the best-known foamed metals.  
On the other hand, iron and steel foam materials are considerably superior to aluminum foam due to their lower 
cost, higher strength, better weldability, and so on. If it becomes possible to produce iron foam with high porosity, 
then, similar to aluminum foam, iron foam can be utilized as a lightweight and high-functional material in transport 
vehicles, machines, and structural parts. However, there are only a few reports on iron foam, and then, there is less 
case that iron foam material is developed for practical use. The production of iron foam can be succeeded by the 
slurry (Shimizu (2005)) and spacer (Reinfried (2005)) methods, while these methods are with high cost. The iron 
foam with high porosity by foaming, which can be mass production with low cost, is difficult because of high 
melting point, high density, high surface tension, and low viscosity. In light of the above-mentioned observations, a 
new method for manufacturing iron foam by employing CO and CO2 gases generated by the reduction reaction of 
iron oxide with carbonaceous materials was previously investigated (Murakami (2007), Murakami (2010)). 
However, the maximum porosity of the obtained iron foam was approximately 60%. It indicates that the production 
of iron foam with high porosity by conventional foaming method is difficult. This is because the density of molten 
iron is higher than that of molten aluminum and stable oxide layer on the interface between pore and molten iron, 
like aluminum case, is not formed. 
In this study, the foaming process of not molten metallic iron but molten oxide is focused on to obtain the iron 
foam with high porosity. In the steelmaking process, the suppression of the slag foaming is important for the stable 
operation. Therefore, many researches have been investigated to prevent the foaming (Mukai (1991)). If the foaming 
of slag can be promoted, it is possible to produce the foaming material with high porosity. The iron foam will be 
obtained by the reduction of the foamed oxide material.  
Therefore, the foaming of the slag for the FeO–Fe2O3–CaO–Al2O3 system using a foaming agent of CaCO3 which 
generated CO2 gas by its decomposition and the reduction of the foamed material by hydrogen gas were examined. 
2. Experimental 
The reagent powders of Fe, Fe2O3, CaCO3, and Al2O3 were used for raw materials. These reagents were well-
mixed by the mixture ratio as shown in Table 1. Then, the tablet sample with the diameter of 20 mm was prepared. 
The powder of CaO–Fe2O3 sintered at 1000 ºC for 1.2 ks in air was also used to keep the amount of CaCO3 constant. 
The amount of CaCO3 is determined based on the sample with 10 mass% Al2O3.  
 
Table 1. Composition of sample slag. (mass%) 
Sample  FeO  Fe2O3 CaO  Al2O3 
1 70.0 20.0 10.0 0.0 
2 67.9 19.4 9.7 3.0 
3 66.5 19.0 9.5 5.0 
4 65.1 18.6 9.3 7.0 
5 63.0 18.0 9.0 10.0 
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Figure 1. Experimental apparatus for foaming slag. 
 The sample was set in the MgO crucible with the inner diameter of 22 mm and the height of 40 mm. Figure 1 
shows the schematic drawing of experimental apparatus for foaming of slag. The crucible was set in the graphite 
susceptor with the inner diameter of 26 mm or 32 mm and the height of 40 mm in the reaction chamber. After 
evacuating the air in the chamber, Ar gas was introduced. Then, the sample was heated to the target temperature 
using a high-frequency induction-heating furnace with a heating rate of 280 ºC/min, and kept for a predetermined 
time till the volume of the sample reached a maximum value. Subsequently, it was cooled in the furnace. The 
temperature was measured at the bottom of graphite susceptor using Pt/Pt–13%Rh thermocouple. Further, that at the 
top of sample was measured using the two-color radiation thermometer. The porosity of the obtained foam was 
calculated using the area ratio of pore.  
The foamed slag was reduced at 600 ºC and 900 ºC for a certain time period under Ar-3%H2 gas flow 
3. Results and Discussion 
3.1. Effect of holding time on the foaming behavior 
Figure 2 shows the change in the temperature of graphite susceptor for control (control temperature) and surface 
of slag sample (slag temperature) and porosity of foamed slag with holding time. The composition of Al2O3 in the 
slag sample was 10 mass%. The target temperature was 1400 ºC. In only this experiment, the diameter of the 
susceptor was 32 mm. In this study, time 0 is defined as that which the temperature measured using the 
thermocouple reaches to the target. Hence, the time during heating is expressed in the minus value. The error bar as 
shown for 20 s is calculated from maximum and minimum value of porosity of the foamed samples, and the plot is 
the average value. The long dashed line is the liquidus temperature of the sample slag, which was calculated by 
thermodynamics calculation software, FACTSAGE 6.2 using data base FACT. The slag temperature does not reach 
to the control temperature at the time of 0 s. The difference between slag and control temperatures decreases with 
passing the time, and this is still 220 ºC for 150 s. This slag sample near the surface is solid-liquid coexistence state 
because the calculated solidus temperature is approximately 1000 ºC. The porosity of the foamed slag increases with 
increasing holding time, and the maximum porosity of 50% was obtained when the holding time was 100 s. 
Figure 3 shows the macrostructure of the cross section of the foamed slag heated at 1400 ºC for 40 s, 100 s and 
150 s. For 40 s, the formation of pore is observed except for the upper center part of sample. This pore formation is 
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caused by the gas generation in the molten oxide. On the other hand, few pores were observed in the upper center 
part. This is because the temperature of this area is lower than other area since the heat comes from the interface of 
the crucible. The shape of the sample did not change from that before heating, while it expanded. It indicates that the 
amount of formed liquid is small. For 100 s holding, larger pores are observed than that for 20 s. The maximum 
porosity was obtained as described above. Further, the sample expands quaquaversally because the formation of 
liquid oxide, the pore growth and their coalescence proceed. At lower part of sample, the shape of formed pore is 
spherical. For 150 s, much larger pore with small many pores is obtained due to the progress of coalescence of 
pores. Further, the collapse of pore was observed during experiment. Accordingly, it is clear that the holding time is 
very important parameter. The foamed slag with maximum porosity can be obtained to stop heating before starting 
of collapse. 
 
Figure 2. Change in control and slag temperatures and porosity of foamed slag with 
holding time 
Figure 3. Cross sectional views of foamed slag for FeO-
Fe2O3-Al2O3-CaO system at 1400 ºC for holding times 
of (a) 40 s, (b) 100 s, and (c) 150 s 
3.2. Effect of holding time on the foaming behavior 
  The change in porosity of foamed slag for the FeO–Fe2O3–Al2O3–CaO system with holding time at 1300 ºC, 
1350 ºC, and 1400 ºC is shown in Fig. 4. Al2O3 content is 10 mass%. The time that maximum porosity is obtained 
increases with decreasing the temperature. This is because the viscosity of the molten slag increases with decreasing 
the temperature. Maximum value of the porosity, which was 57%, was obtained at 1350 ºC for 30 s. The reason why 
the maximum value decreases with a decrease in the temperature from 1350 ºC may be excess increase in the 
viscosity and a decrease in the amount of foaming gas. The decrease in the target temperature leads to increasing the 
time until the beginning of melt formation. Therefore, the loss of CO2 gas which generates before the beginning of 
melt formation increases. 
3.3. Effect of Al2O3 content on the foaming behavior 
Figure 5 shows effect of Al2O3 content in the slag on the porosity of the foamed slag at 1350 ºC and 1400 ºC. 
This porosity was also selected for the holding time at which the maximum porosity was obtained. Maximum 
porosity of 69% at 1350 ºC was obtained when Al2O3 content was 0mass%. However, there is not clear dependence 
of Al2O3 content.  
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Actual temperature of the molten slag in the crucible is similar to that measured using the radiation thermometer, 
and does not reach the target temperature for the control as shown in Fig. 2. It means that the slag is solid – liquid 
coexistence state. Therefore, the solid content in the slag at the actual temperature was calculated using 
FACTSAGE. The relation between the porosity and the solid content is shown in Fig. 6. The porosity shows the 
peak value at the solid content of 28%. Generally, it is known that the structural viscosity increases with increasing 
the solid content. It indicates that this viscosity affects the foaming behavior strongly. 
  
Figure 4.  Change in porosity of foamed slag with holding time at 
1300 ºC, 1350 ºC, and 1400 ºC 
Figure 5.  Effect of Al2O3 content on porosity of slag foamed at 1350 
ºC and 1400 ºC 
 
Figure 6. Effect of solid content calculated by FACTSAGE on the porosity foamed at 1350 ºC 
3.4. Reduction of foamed oxide 
Figure 7 shows change in reduction degree of slag oxide, in which composition of Al2O3 is 10mass%, foamed at 
1350 ºC with time. Reduction temperature is 600 ºC and 900 ºC. The reduction reaction of slag oxide at 900 ºC 
proceeds faster than that at 600 ºC. The time at which reduction degree becomes 95% at 900 ºC is approximately 30 
hours. Figure 8 shows microstructure of the foamed and reduced sample with 10mass%Al2O3. The foamed slag 
before reduction, i.e. as foaming, several pores with the size of not only a few millimeters as shown in Fig. 3 but 
also many pores with the size of a few hundred micrometers are obtained. Three phases are observed. It can be 
easily estimated from initial composition of slag that primary phase is FeO, secondary may be FeAl2O4. Further, 
eutectic structure of FeO and the phase with dark color is observed. After reduction, on the other hand, the pore wall 
with markedly uneven is observed, while the pores with the size larger than a few hundred micrometers. Reduced 
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iron and small pores with the size of a few micrometers coexist due to the reduction progress of iron oxide. It 
indicates that the reduced sample has higher porosity than that before reduction. 
 
 
 
Figure 7. Change in reduction degree of foamed slag with 10mass% 
Al2O3 with reduction time at 600 ºC and 900 ºC 
Figure 8.  SEM images of a) – b) porous slag with 10mass%Al2O3 
and c) – d) reduced one at 900 ºC 
4. Conclusions 
The foaming behavior of the slag for the FeO– Fe2O3–CaO–Al2O3 system using a foaming agent of CaCO3 and 
the reduction behavior of the foamed material by hydrogen gas were evaluated. The following results were obtained. 
1. The temperature affects the maximum porosity and the time to obtain higher porosity. This is because the 
viscosity of slag and the amount of foaming gas changes with the temperature. In the case of the slag with the 
composition of FeO–18mass%Fe2O3–9mass%CaO–10mass%Al2O3, the maximum porosity of 57% was obtained at 
1350 ºC for 30 s.  
2. At 1350 ºC, the highest porosity of 69% was obtained when Al2O3 content in the slag was 0mass% in the 
range of 0 – 10mass% Al2O3. This is caused by the change in the structural viscosity based on the solid ratio in the 
slag.  
3. Iron oxide in the foamed slag was almost reduced at 900 ºC for 30 hours. The reduced sample has many 
pores with not only the size larger than a few hundred micrometers due to the foaming of slag but also the size of a 
few micrometers due to the reduction of iron oxide. Therefore, the porosity obtained after reduction is higher than 
that as foaming. 
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